Although the terms "breathy" and "rough" are frequently applied to pathological voices, widely accepted definitions are not available and the relationship between these qualities is not understood. To investigate these matters, expert listeners judged the dissimilarity of pathological voices with respect to breathiness and roughness. A second group of listeners rated the voices on unidimensional scales for the same qualities. Multidimensional scaling analyses suggested that breathiness and roughness are related, multidimensional constructs. Unidimensional ratings of both breathiness and roughness were necessary to describe patterns of similarity with respect to either quality. Listeners differed in the relative importance given to different aspects of voice quality, particularly when judging roughness. The presence of roughness in a voice did not appear to influence raters' judgments of breathiness; however, judgments of roughness were heavily influenced by the degree of breathiness, the particular nature of the influence varying from listener to listener. Differences in how listeners focus their attention on the different aspects of multidimensional perceptual qualities apparently are a significant source of interrater unreliability (noise) in voice quality ratings.
INTRODUCTION
"Breathy" and "rough" are among the most familiar labels for pathological voice qualities, and have been in common use since ancient times (see Laver, 1981 , for review).
Because of their importance for describing a wide variety of pathologies (e.g., Darley eta!., 1969; lsshiki et al., 1969). these qualities are the subjects of frequent study in the literature on voice quality evaluation. For example, many papers have examined the correlation between acoustic and aerodynamic measures and rated brenthiness and/or roughness (e.g., correlated for three of four expert raters, suggesting that these qualities are related, but not in any simple way. One factor analytic study also suggests that breathiness and roughness may be perceptually complex and interrelated: Hammarberg et al. (1980) found a "breathy-overtight" dimension (negatively associated with the scales "breathy," "wheezing," "lack of timbre," "moments of aphonia," "husky," and positively associated with "creaky/vocal fry") and a "coarse-light" dimension (positively associated with the scales "coarse," "rough," "harsh," and negatively associated with "high pitch," "middle register," and "restrained").
Other research has specifically addressed the perceptual structure of "hoarseness." Isshiki and Takeuchi (1970) used semantic differential techniques and factor analysis to examine subclassifications of hoarse voice quality. They found four factors, which they labeled "rough," "breathy," "asthenic" (lack of vocal strength), and "near-normal." The GRBAS protocol proposed by the Japanese Society of Logopedics (e.g., Hirano, 1981 ) maintained this distinction between rough, breathy, asthenic, and near-normal (the "grade" scale) aspects of hoarse voice, but added a scale for "strained" quality. Finally, Takahashi and Koike (1975) found that ratings of breathiness and roughness were moderately but significantly correlated (r=0.47), and concluded that the two qualities are not independent factors in a perceptual space. They also described factor analyses that supported Isshiki and Takeuchi's (1970) breathy and rough factors for the description of hoarseness.
Previous studies using multidimensional scaling (MDS) suggest that breathiness and roughness are important perceptual features of pathological voices, but that listeners differ from one another in how they judge these qualities. Kreiman et al. (1990) found dimensions correlated with rated breathiness and roughness in a MDS study of 18 pathological male voices. However, "rough" and "breathy" dimensions did not consistently emerge from a subsequent study examining individual differences in voice perception (Kreiman et al., 1992) , suggesting these dimensions are not perceptually important for every listener, even in a fixed perceptual context. Other MDS studies have not consistently produced breathihess and roughness dimensions. Murry et al. (1977) found dimensions associated with volume velocity (moderately correlated with breathiness ratings) and presence/absence of periodicity (related to rated hoarseness) in a study of pathological male voices. • In contrast, Kempster et al. (1991) found dimensions related to intensity, frequency, and perturbation in a MDS study of dysphonic female speakers. They did not speculate as to how these dimensions might relate to traditional labels for voice quality.
Thus a number of issues remain unresolved, both with respect to the perceptual status of breathiness and roughness and to the perception of pathological voices in general. In particular, the relationship among different labels for vocal quality has never been systematically investigated. Thus it is unclear whether listeners can rate different (unidimensional) voice qualities independently, or whether qualities are better viewed as multidimensional constructs whose dimensions may influence one another during the rating process. Such information is essential for designing valid and reliable protocols for clinically evaluating pathological voice quality. The present study combined multidimensional scaling (MDS) and unidimensional rating approaches to address these issues directly. MDS techniques have several advantages over more commonly used rating methods. They do not require a priori assumptions about the dimensionality of a quality, and thus allow unbiased investigation into the number of dimensions necessary to explain listeners' judgments, the nature of such dimensions, and the relationships among them. They also permit detailed examination of differences among listeners in the criteria used to rate a voice on some quality scale. The addition of unidimensional ratings of the same voices allowed us to relate multidimensional results to traditional impressionistic labels for voice quality, to determine how listeners may map multidimensional qualities onto unidimensional rating scales.
I. PERCEPTUAL SPACES FOR BREATHINESS AND ROUGHNESS
A. Method
Listeners (group 1)
Five native speakers of English participated in this study. None had participated in previous studies using these stimuli. Two were speech pathologists (listeners 1 and 2), two were linguists specializing in voice research (listeners 3 and 4), and one was trained in both linguistics and speech pathology (listener 5). All were trained in the American tradition of voice quality description, and each had at least three years postgraduate experience judging voices. Listeners worked with pathological voices on a daily basis, and regularly applied the terms studied here. Listeners reported no history of voice, speech, language, or hearing difficulties.
Stimuli
The voices of 18 male speakers with voice disorders were selected at random from a library of audio recordings made as part of a phonatory function evaluation. During this evaluation, speakers sustained the vowel /a/ at conversational levels of pitch and loudness. Speakers varied widely in the overall severity of their voice disorder. Mildly, moderately, and severely breathy and rough voices were all represented, as were a variety of diagnoses. A previous multidimensional scaling study using these voices (Kreiman et al., 1990 ) revealed breathiness and roughness dimensions which each accounted for more than 25% of the variance in listeners' dissimilarity judgments. 2 Voice samples were low-pass filtered using two 4-pole Butterworth filters with cutoff frequencies of 6300 Hz, and two with cutoff frequencies of 7500 Hz, for a total reduction in amplitude of 3.2 dB at 5.6 kHz and 39.4 dB at 9 kHz. They were then sampled at 17.8k samples/second using a 16-bit A/D converter. A 1.7-s sample was taken from the middle portion of each speaker's /a/. The digitized segments were normalized for peak voltage, and onsets and offsets were multiplied by 10-ms ramps to eliminate click artifacts.
Stimuli were then output through a 16-bit D/A converter using the same filter settings.
Two experimental tapes were constructed. Each included both orders of all possible pairs of the 18 pathological voices (excluding pairs where voices were the same), for a total of 306 trials per tape. Stimuli were rerandomized for the second tape. For both tapes, voice samples Within a.pair were separated by I s, and pairs were separated by 6 s.
Procedure
Each listener participated in two listening sessions separated by at least one week. Testing took place in a soundtreated booth. At one session listeners judged the dissimilarity of each pair of voices with respect to levels of brenthiness; at the other they judged dissimilarity with respect to roughness. One experimental tape was used for the first session, and the other at the second, so each listener made two judgments of each quality for each pair of voices. Order of task and tape presentation was randomized across listeners.
Listeners rated the dissimilarity of the pairs of voices on 7-point equal-appearing interval scales, where "1" represented identical levels of brenthiness/roughness and "7" represented extreme difference in brenthiness/roughness levels. Thus a rating of "l" could mean voices were both very breathy, not breathy at all, and so on, while a rating of "7" meant that one voice was (near-) normal and one was severely breathy or rough. Formal definitions of breathiness and roughness were not offered. Inslead, listeners were asked to use whatever standards they normally applied in their clinical practice or research. They were instructed to focus their attention on the quality being judged and to ignore any other qualities the voices might have. They were also asked to judge each pair of voices as independently as possible, and were discouraged from changing previous responses after hearing a new pair of voices.
Each test session lasted approximately 1.5 h. Listeners were encouraged to take brief breaks during this period as needed.
Multidimensional scaling analyses
Previous studies indicate that presentation order has a significant effect on listener judgments of vocal quality, because the first member of a pair of voices provides a context against which the second is judged, highlighting different facets of these complex stimuli (Gerratt et al., 1993). To avoid losing such information, matrices of dissimilarity judgments were not symmetrized across the diagonal. Instead, each listener's judgments for each task were assembled into two half-matrices (upper and lower halves, minus the diagonal). Judgments from all listeners were combined and analyzed using the nonmetric individual differences model on interpretability, two-dimensional solutions were selected for both the brenthiness and roughness judgments. 
Unidimensional perceptual measures of vocal quality
To assess the extent to which multidimensional spaces capture the information available from traditional unidimensional ratings of voice qualities, we gathered additional ratings of the stimulus voices using equal-appearing interval (EAI) scales for breathiness and roughness. A second group of eight expert listeners (four speech pathologists and four otolaryngologists) participated in this experiment. As above, listeners were trained in the American tradition of voice quality description, and each had a minimum of 3 years experience evaluating pathological voices. None had previous experience with these stimulus voices, and none participated in the study described above.
Judgments of breathiness and roughness were made at separate test sessions at least one week apart. Voices were rerandomized for each listener and rating task. Testing took place in a sound-treated booth. Stimulus digitization and playback were as described above. The rate of stimulus presentation was controlled by the listener.
At each listening session, listeners rated the voices using 7-point EAI scales. On these scales the value "1" represented minimum breathiness or roughness, and "7" represented severe breathiness or roughness. Scale endpoints were labeled accordingly. Listeners were asked to pay attention only to the quality being judged, and to ignore any olher qualities the voice might have. No formal definitions of brenthiness or roughness were offered. Instead, listeners were asked to use whatever standards they usually applied in their clinical practices. Listeners were able to replay the voices if necessary before making their judgments.
B. Results
Independence of breathiness and roughness ratings
To determine if dissimilarity judgments of breathiness and roughness were independent, we examined the correlati_on between the two sets of unsealed ratings for each of the five listeners in group 1. Values of Pearson's r averaged 0.25 (standard deviation=0.10). Unidimensional (EAI) ratings of brenthiness and roughness for group 2 also were not highly correlated (mean Pearson's r=0.27, s.d.=0.17). These values are so low as to suggest that judgments of the two qualities were in fact independent, for both the dissimilarity ratings and the EAI task. llowever, average EAI ratings were sufficiently reliable for our purposes (e.g., Berk, 1979 
Multidimensional scaling solutions
As described above, two-dimensional solutions were selected for both the breathiness and roughness data. Stimuli were arranged roughly in a circle in both spaces (Fig. 1) Stimulus coordinates in the two spaces were significantly correlated. Breathiness D2 corresponded to roughness DI 0-=0.74, p<0.01), and brenthiness DI corresponded to roughness D2 (r =0.66, p<0.01). These findings suggest that similar, multidimensional perceptual structures underlie ratings of vocal brenthiness and roughness for our listeners.
Unidimensional versus multidimensional ratings
To examine how adequately unidimensional ratings capture this multidimensional information, multiple ]'egression was used to compare stimulus coordinates on the dimensions Table I1 . Unidimensional ratings did capture the majority of the information in both of the multidimensional spaces. Values of multiple R-' ranged from 0.:52 to 0.92 for the four dimensions. D1 in the brenthiness space was significantly related to unidimensional ratings of both brenthiness and roughness; D2 in the brenthiness space was related only to rated roughness. Similarly, both dimensions in the roughness space were significantly related to both sets of unidimensional ratings. D1 corresponded primarily to rated roughness, while D2 was strongly related to both brenthiness and roughness. Thus EAI ratings of both brenthiness and roughness were needed to describe each single perceptual space.
Individual differences in perceptual strategy
The R 2 values, squared subject weights, and weirdness values for individual subjects in the multidimensional scaling analyses are given in Table Ill . Group values are included for comparison. The R 2 values in Table Ill represent the amount of variance in that subject's ratings that is accounted for by the group scaling solution. That is, they measure the overall fit of the group solution to an individual's data. Subject weights reflect the perceptual importance a given dimension has for an individual subject. The weights printed by the MDS procedure have been squared, and sum to R 2 for a given subject. Weirdness reflects the extent to which an individual's weights on the dimensions are proportional to the group weights. A subjecl with weights proportional to the average weights has a weirdness of 0; a subject with one very large weight and one small weight has a weirdness near 1.
As Table IIl shows, subjects differed considerably in the extent to which the group solution reflected their perceptual slrategies. For the brenthiness space, weirdness values suggest that listeners 3 and 5 differed substantially (and in different directions) from average in the relative importance given the two dimensions. Listener 3 relied relatively heavily on D1 (which was correlated with a weighted sum of H1-H2 and LNSD). Because this dimension was much more important overall, this subject's R 2 value is high relative to the tolal group. In contrast, dimension 2 (correlated with a weighted sum of shimmer and F0) was much more important for listener 5 than for the group as a whole. Consequently, R 2 for this listener is lower than that for the group. Listeners 1, 3, and 5 differed from the average in their dimension weights for the roughness space. D2 (interpreted as a weighted sum of H1-H2 and F0) was more important for listeners 1 and 3 than for the group as a whole. D1 (interpreted as a weighted sum of shimmer and H1-H2) was less important for listener 1 than for the group, and more important for listeners 4 and 5. R a values are somewhat lower only for listener 1, who differed from the group in the relative perceptual salience of both dimensions.
C. Discussion
These data suggest that breathiness and roughness are not independent unidimensional aspects of vocal quality. Rather, they appear to be different aspects of a single multidimensional "quality." Rated bresthiness and roughness were both needed to describe each of the MDS spaces. Thus it appears that having listeners rate only bresthiness or roughness is not adequate to assess the extent to which a voice possesses that individual. quality. Our results indicate that information about both qualities is needed to measure either.
These data further suggest that consistent perceptual differences may underlie stable group scaling solutions. In particular, listener 3 appears to have relied more heavily on dimensions correlated with H1-H2 than did the average listener; and listener $ apparently judged both breathiness and roughness in terms of acoustic signal perturbation.
To examine listener differences in more detail, we undertook a second set of multidimensional scaling analyses. Each new analysis included data from a single subject for a single vocal quality. We hoped such analyses would provide insight into the nature and extent of intersubject variability in perception of breathiness and roughness.
II. SCALING SOLUTIONS FOR INDIVIDUAL LISTENERS

A. Method
Separate breathiness and roughness spaces were calculated for each individual listener in group 1 using the IND-SCAL model of SAS PROC MDS, as above. Each analysis included the top and bottom half matrices of dissimilarity judgments produced by that listener. This procedure was 
Interpretation of the individual spaces
Individual perceptual spaces were interpreted using the methods described above (Sec. I B 3). Results for the brenthiness spaces are included in Table IV , and for the roughness spaces in Table V . Stimulus configurations for individual brenthiness spaces are shown in Fig. 2 , and for roughness spaces in Fig. 3 . For brenthiness, both dimension interpretations and stimulus configurations suggest that listeners are differentially weighing a fairly constant set of acoustic cues. There is little evidence of gross differences in perceptual strategy. Each listener's first dimension (which accounts for the majority of variance in the solutions) is significantly correlated with at least one dimension in the space for every other listener (r=0.64-0.93). Across solutions only one dimension (D2 for listener 2) was not significantly related to any dimension in any other spaceil All five spaces are interpretable in terms of H1-H2 and perturbation; and all contain two fairly continuous dimensions, with no obvious clusters of stimuli.
Listeners do differ in the relative weight given each dimension. For example, listeners 3 and 5 relied more on shimmer and FO, and less on H1-H2, than did listeners 1, 2, and 4; and listeners I and 5 attended to spectral noise (as measured by the harmonics-to-noise ratio) in addition to spectral slope (as measured by H1-H2). Overall, however, listeners seem to have used a fairly consistent set of perceptual parameters when judging the relative brenthiness of the stimuli. This finding is consistent with the relatively high levels of interrater reliability for EAI ratings of brenthiness reported above for these voices (Sec. I B 2).
Listeners differed more in their roughness judgments. As Table V The perceptual spaces for listeners I and 2 suggest these subjects judged roughness using two features that varied continuously. However, listener 3's perceptual space shows three tight clusters of stimuli. The first dimension divides the stimuli into those with fairly steady phonation and those with a tremulous or unsteady quality. The second dimension is well correlated with FO; however, the upper cluster in this space includes voices which are simultaneously rough and breathy, while those in the lower cluster lack salient brenthiness. Thus the space for listener 3 reflects a ternary division of voices into tremulous, breathy-rough, and other qualities. In contrast, the space for listener 4 is divided along the major diagonal, with tremulous voices in quadrant IV and others in quadrant II. The space for listener 5 also includes a cluster of tremulous voices, along with a small group of voices which seem to share a vowel quality nearer /a:/ than /o/, and a cluster including the remainder of the voice set. As mentioned above, many researchers have reported low or variable levels of interrarer reliability in studies of vocal quality, and reliability remains a serious problem in designing and using vocal quality rating systems in the clinic. The present findings suggest that one source of rating unreliability may be the tendency of different listeners to focus selectively on one or the other dimension of a given vocal quality. To test this hypothesis, we examined the correlations between the unidimensional (EAI) ratings of breathiness and roughness for listeners in group 2, and the coordinates of the voice stimuli in the group multidimensional spaces. Significant correlations (p<.01, adjusted for multiple comparisons) are listed in Table VI. This table suggests that listeners consistently focused their attention on a single dimension of breathiness when making EAI ratings. With the exception of listener 5, whose perceptual strategy apparently deviated substantially from that of other listeners, EAI ratings were well correlated with D1 in the breathiness space, and were not correlated with any dimensions in the roughness space. This finding is consistent with the relatively high levels of interrarer reliability reported above for breathiness ratings.
In contrast, listeners differed considerably in the way they focused their attention while judging vocal roughness. As Table VI shows, across listeners EA! ratings were correlated with a variety of perceptual dimensions, suggesting listeners varied considerably in the perceptual strategy they applied to the EAI task. Recall that D1 in the roughness space and D2 in the breathiness space were both correlated primarily with vocal shimmer; roughness D1 was also correlated with H1-H2, and breathiness D2 with F0. Thus listeners whose EAI ratings are correlated with D1 in the roughness space apparently attended to simultaneous breathiness when judging roughness; those whose ratings correlated primarily with D2 in the breathiness space attended to F0 rather than Nevertheless, our findings suggest that breathiness and roughness are related, multidimensional constructs. Most of the multidimensional information available from dissimilarity ratings was captured by the two sets of EAI ratings; however, EAI ratings of breathiness and roughness were both necessary to describe patterns of similarity with respect to either quality. Listeners differed in the relative importance given to different aspects of vocal quality, particularly when judging roughness. Simultaneous roughness did not appear to influence raters' judgments of breathiness; however, judgments of roughness were heavily influenced by degree of breathiness, the particular nature of the influence varying from listener to listener. Differential attention to different aspects of a quality is apparently a significant source of interrater unreliability in ratings of pathological voices.
This study indicates how traditional rating methods and scales may incorporate unsuspected sources of error. Problems of reliability have long plagued ratings of voice quality. We have previously argued that a significant portion of this unreliability in fact represents regular, predictable variability due to context effects, differences among listeners in background and perceptual strategy, characteristics of the task used to gather ratings, and interactions among these factors (Kreiman et al., 1993) . The present results confirm the importance of differences among listeners in modeling voice perception. These differences range from dramatic (e.g.. using unrelated perceptual strategies) to subtle (e.g., using continuous versus categorical dimensions for similar "features"). kisteners who differ more from one another agree less in their ratings; and listeners who differ less agree better.
Thus it appears that the multidimensional nature of the acoustic voice signal greatly influences unidimensional ratings of voice quality. Our results strongly suggest that a given vocal quality cannot be evaluated reliably out of the context of other qualities a voice may possess. [towever, it may be possible to develop voice rating protocols that control this source of variability. A recent study (Gerratt et al., 1993) used an "anchored" EAI scale for vocal roughness, where each scale point was explicilly represented by a voice demonstrating that magnitude of vocal roughness. By fixing listener attention on a single dimension of roughness, this protocol produced significant improvements in interrater reliability relative to unanchored ratings. Such protocols may increase the likelihood that listeners will use similar perceptual strategies when judging a particular dimension.
The present study also highlights the need for more extensive, systematic investigation of the perceptual attributes of pathological voices and of the relationships among traditional terms for voice. The issues of what qualities are perceptually real and perceptually independent have been too long ignored in a field that is founded largely on perception (e.g., Jensen, 1965; Kreiman et al., 1993) . Rating protocols that reflect the natural perceptual categories inherent in the population to be rated should be easier to use, more valid, and more reliable than those using arbitrary labels and categories whose meaning is questionable. Increased attention to these matters will benefit both research and clinical practice.
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•Three other dimensions were reported: *_ tumor, F0, and one uninterpmted dimension.
•'The only other dimension to emerge from Ihis analysis accounted for 23% of the variance in dissimilarity judgments, and was significantly correlated 
